The celF gene from the predominant cellulolytic ruminal bacterium Fibrobacter succinogenes encodes a 118.3-kDa cellulose-binding endoglucanase, endoglucanase F (EGF). This enzyme possesses an N-terminal cellulose-binding domain and a C-terminal catalytic domain. The purified catalytic domain displayed an activity profile typical of an endoglucanase, with high catalytic activity on carboxymethyl cellulose and barley ␤-glucan. Immunoblotting of EGF and the formerly characterized endoglucanase 2 (EG2) from F. succinogenes with antibodies prepared against each of the enzymes demonstrated that EGF and EG2 contain cross-reactive epitopes. This data in conjunction with evidence that the proteins are the same size, share a 19-residue internal amino acid sequence, possess similar catalytic properties, and both bind to cellulose allows the conclusion that celF codes for EG2.
Enzymatic hydrolysis of crystalline cellulose requires the activity of a combination of exo-and endoglucanases (19) . An important step in hydrolysis is the attachment of one or more of the enzymes or a complex of enzymes to cellulose (21) . Many cellulases are composed of a cellulose-binding domain (CBD) linked to a catalytic domain (CD) via a hydroxy amino acid-enriched sequence (19) . Some CBDs reportedly disrupt cellulose fibrils; however, the principal function of the CBD seems to be to increase the effective concentration of the enzyme on the insoluble substrate (21) . At least 75 CBDs have been recognized and classified in 10 different families (20) , while the CDs characterized exceed 143 and fall into more than 16 families of glycosyl hydrolases (19) .
A modular glycanase containing a CD and a CBD has been cloned from the ruminal fungus Neocallimastix patriciarum (4); however, none except for a 118-kDa endoglucanase 2 from Fibrobacter succinogenes, which was shown by protease cleavage of the native enzyme to contain separate domains, have been reported from the ruminal bacteria (12) . The detailed characterization of cellulose-binding proteins (CBPs) in F. succinogenes (6) is particularly important, since it may provide clues to the mechanism of cellulose hydrolysis by this prominent ruminal bacterium (3) . The intriguing aspect of the catalytic mechanism stems from the fact that although the bacterium grows rapidly on crystalline cellulose, no effective cellfree cellulase system has been documented.
Results from cloning experiments have suggested that the bacterium possesses a minimum of 12 individual genes encoding glycanases and cellobiosidases of diverse substrate specificity (9) . One of the glucanase clones that we have previously reported is pCel6, which displays hydrolytic activity towards a variety of glycans (9) . The insert in this clone and a related -Dash phage clone were sequenced, and a gene coding for an endoglucanase was identified. The gene was identical to cbp1, which was simultaneously analyzed by Mitsumori et al. (15) . This report demonstrates that the gene codes for endoglucanase 2 (EG2) of F. succinogenes.
Escherichia coli XL1-Blue (2) transformants carrying the pCel6 plasmid displayed both endoglucanase (carboxymethyl cellulase [CMCase] ) and ␤-galactosidase activities, as indicated by clearing of carboxymethyl cellulose (CMC) overlays and blue colonies on 2YTA/X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) plates (9) . The nucleotide sequence of the pCel6 insert revealed a locus containing three open reading frames (ORFs), ORF1, ORF2, and ORF3, in tandem ( Fig. 1) . ORF1 was truncated in the left side of the pCel6, but the complete sequence was present in the homologous -Dash phage clone LCel6 (Fig. 1) . When the right side of the pCel6 insert, which contained ORFs 2 and 3, was deleted ( Fig. 1 [pCel6XSF] ), ␤-galactosidase activity was eliminated and CMCase activity was preserved in the transformant colonies. When ORF1 was deleted ( Fig. 1 [pCel6XLF] ), transformants lacked glucanase activity but retained ␤-galactosidase activity (Fig. 1) . These and the other subcloning experiments shown in Fig. 1 , as well as sequence analyses, have established that ORF1 was the endoglucanase gene celF and that ORF3 was fused in frame with the lacZ sequence downstream in the vector. The putative promoter of ORF3 was functional in E. coli, producing a fusion protein which exhibited ␤-galactosidase activity. The celF gene coded for a protein of 1,053 amino acids with a predicted molecular mass of 118.3 kDa and a putative pI of 8.2. We have expressed the celF gene in two different ways, i.e., as an enzymatically active CD (EGF-CD) without cellulose-binding ability and as the full-size EGF protein displaying both the enzymatic and the cellulose-binding ability.
EGF-CD was overexpressed from a construct in which a 1.4-kb PstI-NotI fragment from pCel6PXKS ( Fig. 1 ) (the PstI site was made blunt with Klenow enzyme) containing the 3Ј region of celF, was ligated into pGEX-4T2 (Pharmacia Biotech) which had been cleaved with SmaI and NotI to yield pcelFCD ( Fig. 1) . The overexpressed product EGF-CD containing the C-terminal 453 amino acids from EGF, which had a predicted molecular mass of 51.5 kDa, was isolated from the glutathione S-transferase (GST) fusion partner and purified as described earlier (10) . Consistently, the purified EGF-CD had an apparent molecular mass of about 50 kDa as demonstrated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2) . EGF-CD did not bind to microcrystalline cellulose. With CMC as the substrate, EGF-CD exhibited a pH optimum for activity of 5.3 in 50 mM sodium acetate buffer and a temperature optimum of 40°C, and it exhibited essentially the same activity on both CMC and barley ␤-glucan (Table 1) . It showed almost no activity on soluble oat spelts xylan, acid-swollen cellulose, and bacterial cellulose. It was not active on microcrystalline cellulose or on any of the aryl-glycosides tested (Table 1) . During the hydrolysis of CMC there was a rapid decrease in the viscosity (data not shown). The hydrolysis of amorphous cellulose prepared by treatment with phosphoric acid (10) yielded cellotetraose, cellotriose, cellobiose, and glucose. These data document the observation that the C-terminal CD from EGF exhibits properties that are characteristic of an endoglucanase.
The full-size EGF was expressed in order to gain some insight into the properties of its N-terminal region. Because endoglucanase activity was detected from LCel6 plaques when this clone was isolated from a genomic library in the promoterless -Dash vector (9), it was expected that the celF gene could be expressed from its own promoter in E. coli. As antic- ipated, when the ApaLI-XbaI fragment (the ApaLI site was made blunt with Klenow enzyme) from LCel6 (bases 302 to 3572), which contained the intact celF gene, including putative upstream promoter structures, was subcloned into SmaI-XbaIrestricted pBluescript to yield pcelF ( Fig. 1) , endoglucanase activity was detected in the transformants. The cells harboring pcelF were harvested and subjected to osmotic shock as described by Neu and Heppel (16) . The shocked cells were disrupted in a French press, and the membranes were separated by centrifugation at 100,000 ϫ g (60 min, 4°C). The membranes were solubilized in 10 mM CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate} in phosphate-buffered saline (PBS). Samples were assayed in sodium acetate buffer (pH 5.5) with 1% CMC as the substrate and reducing sugars released were assayed as described by Lever (8) . Fortyfive percent of the enzyme was present in the CHAPS-soluble membrane fraction (Table 2 ), but reasonably large amounts of the enzyme were also present in the periplasmic and cytoplasmic fractions, indicating that the enzyme is inefficiently exported in E. coli.
The CHAPS-solubilized enzyme mixed with microcrystalline cellulose (Avicel) in PBS and incubated at 24°C for 10 min bound with 100% efficiency to the cellulose, with none found in either the supernatant fluid or in a subsequent wash with PBS. Extraction of the bound proteins from cellulose with SDS-PAGE sample buffer by heating at 100°C for 5 min and subsequent zymogram analysis demonstrated the presence of proteins of approximately 118 and 105 kDa which exhibited glucanase activity (Fig. 3) . The 105-kDa enzyme presumably was a proteolytic degradation product of the 118-kDa enzyme or perhaps was a product of a fortuitous internal start site.
The intact celF gene was overexpressed under the control of the T7 promoter by using the vector pET 21(a) (Fig. 1) (Novagen) with the ATG start site of celF, and EGF was purified by chromatography on CM-Sepharose and Sephacryl-S-200. EG2 was purified from a nonsedimentable 0.5 M NaCl wash fraction from glucose-grown F. succinogenes S85 by chromatography on CM-Sepharose (11). EGF, EG2, a solubilized membrane fraction from E. coli BL21(DE3) carrying pETcelF after induction with 0.1 mM isopropyl-␤-D-thiogalactoside (IPTG), and proteins in the NaCl wash from strain S85 were analyzed by SDS-PAGE and immunoblotting with antiserum against EGF (Fig. 4A ) and affinity-purified (7) antibodies against EG2 (12) (Fig. 4B) . As shown, a 118-kDa endoglucanase reacted in all fractions with both antibodies. A few lower-molecular-mass cross-reactive proteins were present in the E. coli cell extract but not in the S85 extract. These data provide added evidence that EGF and EG2 are identical.
A search for similarity between the sequence of EGF and protein sequences in the GenBank databases was conducted by using the BLAST algorithm (1). We found that the celF gene sequence was identical to that of the cbp1 gene (accession no. D64084; release date, 14 October 1996), except for a single base difference at position ϩ2183 (base 2567 in sequence U39070), which is the central base in a valine codon in celF (GUA), and a glutamic acid codon in cbp1 (GAA). Interestingly, the original F. succinogenes S85 gene(s) that yielded the sequence information was cloned with the use of screenings FIG. 3 . Zymogram analysis of EGF eluted from microcrystalline cellulose. A CHAPS extract of membranes prepared as described in the text was mixed with Avicel, and after one wash the bound proteins were heated in SDS-PAGE sample buffer at 100°C for 5 min and then subjected to SDS-PAGE and zymogram analysis as described by Malburg and Forsberg (9) (15), it is conceivable that the single base difference was an artifactual error and that the change from a nonpolar amino acid (Val in EGF) to a negatively charged one (Glu in CBP1) disrupted the active conformation in CBP1. The changed amino acid was located inside the CD. According to Mitsumori and Minato (14) , EGF (CBP1) is a predominant protein that is widely distributed among Fibrobacter spp. The similarity of the physical and catalytic properties of EGF (CBP1) described above with those of the previously characterized EG2 (11, 12) and the presence of a 19-amino-acid N-terminal sequence of a trypsin-derived CD of EG2 (12) , which corresponds to residues 619 to 637 of EGF, suggest that EGF and EG2 are the same protein.
The BLAST (1) search also revealed that the region comprising residues 283 to 649 of EGF (CBP1) had a high degree of identity to a cellulase from F. succinogenes SD35 (GenBank accession no. X88561) (17) as shown in Fig. 5 . This region of identity, which spans most of the primary sequence of the gene from strain SD35, encompasses the central region of EGF. However, only 50 amino acids of the N-terminal portion of the truncated EGF-CD as it was expressed from pcelFCD overlap the C-terminal region of the SD35 cellulase ( Fig. 1 and 5 ).
While this may be suggestive of a 50-amino-acid homologous region important for catalytic activity in both enzymes, computer analyses of the SD35 cellulase gene sequence at both the 5Ј and 3Ј ends showed possibilities for frame shifts which would extend the identity between EGF and the SD35 cellulase (Fig.  5) . It is not known whether the possible sequencing errors in the SD35 cellulase gene (17) produced frameshifts. Besides CBP1 (15) and the SD35 cellulase (17) , no other proteins showing significant homology to EGF were found in the databases.
As noted by Mitsumori et al. (15) , EGF (CBP1) contained two reiterated regions with significant similarity, from residue 91 to 196 and from residue 303 to 404. As well, Mitsumori et al. (15) concluded that residues 510 to 625 (adjacent to the N terminus of EGF-CD) constituted a CBD because of the similarity to a region of EGCCD from Clostridium cellulolyticum (18) . We found that the mentioned similarity was localized and of little significance, with a BLAST score of Ͻ70 and a smallest-sum probability of Ͼ0.1 (1). In addition, there is no data in either the Shima et al. (18) paper or in that reporting on the homologous EGH from Clostridium thermocellum (22) to indicate that these enzymes possess unique characterized CBDs. Our data supports the idea that the CBD of EGF is encompassed by the large region from the putative signal peptidase cleavage site, residue 24, to residue 600, upstream from the N terminus of the EGF-CD and the CD of EG2, for which we generated amino acid sequence information. However, the exact location of the cellulose-binding sites remains to be determined. The region containing the CBP of EGF lacks sequence similarity with any of the families of CBDs as reported by Tomme et al. (20) . The junction region between the two domains did not exhibit typical linker sequences (5) .
In this article we demonstrate that EGF (CBP1) is indeed a cellulose-binding endoglucanase with a similarly sized N-terminal CBD and C-terminal CD. The lack of clear similarity between EGF (CBP1) and existing families of glycosyl hydrolases (19) and CBDs (20) supports the argument for uniqueness of this endoglucanase and will be the focus of future research.
Nucleotide sequence accession number. The complete sequence of the Cel6 locus has been given the GenBank accession no. U39070 (release date, 5 November 1996).
